The map-based complete rice genome sequence is now freely available to researchers worldwide, providing the most fundamental tool that should further accelerate efforts to improve the staple crop that feeds more than half the world's population. The finished-quality sequence covers 95% of the 389-Mb genome, including virtually all of the euchromatin and two complete centromeres. A total of 37,544 non-transposable-element-related protein-coding genes were identified. The complete genetic information on rice will serve as a gold mine for genomic research in rice and other cereal species. It will facilitate the identification of many important genes by both forward and reverse genetics strategies, and clarify the relationships between sequence variation and phenotypes. The genome sequence derived from Oryza sativa subspecies japonica can be used as a reference sequence for comparative analysis among Oryza species that will help in understanding the major factors involved in speciation and searching for useful genetic resources. Furthermore, the completed sequence will also serve as a standard for cereal genome comparison and identification of rice orthologous genes in other cereal crops, thereby providing a platform for establishing the genomics of each cereal species.
plants. Furthermore, the wide range of geographic and climate conditions and cultural practices associated with rice cultivation may have contributed to the development of many varieties carrying tolerance of biotic and abiotic stresses, as well as varieties well suited to regional cooking and eating habits of the local people. Therefore, the basic principle of breeding that involves crossing of two strains with complementary favorable characteristics, followed by selection for progenies with more favorable phenotypes, must have been widely practiced even before the rule of inheritance was established based on Gregor Mendel's experiments almost 140 years ago.
Although well-experienced breeders and farmers can easily distinguish improved agronomic traits from among many progenies, the frequency of successfully finding a desired trait is oftentimes rare. This is partly because we have very limited knowledge of the relationship between the phenotype and gene. Although most traits are simply controlled by a single gene, many traits are also controlled by multigenes and, in special cases, some traits are not even controlled by the transcript itself but by the promoter sequence. These examples have been reported in the model weedy plant, Arabidopsis thaliana, upon completion of the genome sequence (Arabidopsis Genome Initiative 2000) . This reflects the remarkable development of forward and reverse genetics relying on genome sequence information. For rice improvement, undoubtedly, we also need detailed genome sequence information to analyze the relationship between phenotype and gene, particularly because most of the important agronomic traits are controlled by quantitative trait loci (McMullen 2003) . The difficulty in improvement of quantitative traits resides not only in the complexity of inheritance but also in the mode of interaction of the component genes in QTLs, which remains unknown. The use of genome sequence information in conjunction with strategies for genetic analysis will ensure success in finding favorable progenies under a strategic crossing and selection program.
Systematic genetic analysis of rice was launched in the early 1990s in several countries such as Japan, China, the United States, and partly in collaboration with the International Rice Research Institute (IRRI). A series of molecular markers based on restriction fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and microsatellites have been detected in nucleotide sequences and successfully used to construct genetic maps based on recombination frequency. The co-dominant RFLP markers were most commonly used for mapping and especially most trusted to give reproducible data. The high-density genetic map of rice has a remarkable impact not only for understanding the genome structure of rice but also for elucidating the structure of other cereal genomes (Harushima et al 1998) . The segmentally conserved order of DNA markers has been elucidated among cereal crops and the utility of the rice genome as a reference for other cereals has become widely recognized (Devos 2005) .
The great potential for rice as an agronomic and model plant has encouraged rice researchers to pursue genome analysis beyond genetic and physical mapping. A workshop was held in Singapore in September 1997 to discuss the feasibility of an international collaborative project. The International Rice Genome Sequencing Project (IRGSP) was subsequently organized with the aim of completely decoding the entire rice genome. Although funding for participating countries was not yet committed at that time, the participants were optimistic because rice is not only an important plant for scientific research but also an economically valuable crop and main food source for almost half of the world population. As expected, the IRGSP was supported by government funds from participating countries as well as private and nonprofit organizations that had strong interest in production and research. With the active cooperation of participating groups, the IRGSP finished the complete and high-quality sequence of the entire rice genome by the end of December 2004 (http://rgp.dna.affrc. go.jp/IRGSP/).
Overview of the rice genome structure
Elucidating the genome sequence of an organism has been simplified with continuous technological advances using a high-throughput automated nucleotide sequence analyzer. A whole-genome shotgun sequencing approach has further accelerated the sequencing of entire genomes. However, if the collected sequences are not correctly assigned to their original genomic position, the utility of the sequence is not satisfactory. In the case of bacteria with a genome size of several mega base pairs, a random collection of untargeted sequences could be easily assembled using a powerful computer system to accurately reconstruct the original genome (Fleischmann et al 1995) . On the other hand, higher organisms of more than 100 Mb and rich in repetitive and similar sequences such as transposable elements are very difficult to reassemble and compare to the original genome sequence. For such an important crop as rice, the genome sequence is much anticipated for practical application in rice breeding, particularly in the identification of a difference in nucleotide sequence that is reflected as the difference in phenotype among various cultivars. This difference is a relative characteristic and is identified only by comparison with the standard sequence. Thus, the IRGSP adopted the map-based clone-by-clone sequencing strategy that involves constructing a physical map based on the genetic map, developing a library of genomic clones, anchoring the clones to a specific location identified from the map, and sequencing the clones. Although this approach is a lot more expensive and time-consuming, the resulting sequence is highly accurate. The public availability of the genome information provides the scientific community with a standard sequence necessary for identification and association of each functional gene to a target phenotype.
The physical map constructed by the IRGSP is shown in Figure 1 with the position of physically identified centromeres and telomeres. The sizes of the remaining gaps have been measured by a fiber-FISH method except for several large gaps around the centromere. As a result, the gap sizes are revealed within the range of a small number of BAC/PAC clones. Although a total of nearly 60 times coverage of the rice genome has been used for physical mapping, some regions remain as gaps. This might be attributed to the existence of an unusual sequence that could not be harbored by the host bacteria. The genome size of japonica rice variety Nipponbare is now estimated as 388.8 Mb (International Rice Genome Sequencing Project 2005). This value is less than that previously reported by analysis with flow cytometry, which gives a relative value to a reference species (Arumuganathan and Earle 1991) . The analysis of the map-based genome sequence provides an absolute value of the genome size of the target species. Each of the 12 rice chromosomes has a characteristic genome structure. The rice chromosomes range in size from 45 Mb (chromosome 1) to 24 Mb (chromosome 10) and the gene density varies from 8.7 (chromosome 3) to 11.6 (chromosome 12) genes per kilobase pair. The nuclear organizing region is located at the end of the short arm of chromosome 9 and its genomic structure is elucidated in detail. Three centromeres among 12 chromosomes have been completely mapped by BAC/PAC clones and two of three centromeres (chromosomes 4 and 8) have been completely sequenced (Wu et al 2004 , Zhang et al 2004 . Both structures indicate a remarkable difference in distribution of rice centromere-specific and common repeats. The CentO repeat units are scattered within the centromere of chromosome 4 and clustered within the centromere of chromosome 8. The centromere of chromosome 5 remains to be sequenced and may add an important clue for completely understanding the complex structures and evolution of the 12 rice centromeres. The segmental duplication between chromosomes may also provide a resource for analysis of the process of evolution of rice chromosomes. Based on the gene models generated by the FGENESH prediction program, a parallel and an antiparallel duplicated region between chromosomes 1 and 5 were also identified in addition to the previously characterized duplicated distal ends of chromosomes 11 and 12. Although at least one region in each chromosome was distinctly duplicated in another chromosome, segmental regions in triplicate or more were not identified in any chromosomes. Moreover, segmental duplication in rice is much simpler than that in Arabidopsis, which has a high-frequency segmental duplication among the five chromosomes. For example, almost all of the chromosomal segments of the long arm of chromosome 4 have counterparts in the remaining four chromosomes. The difference in duplication pattern between rice and Arabidopsis may be associated with the pressure of selection during the breeding process that may have induced alteration in the corresponding genome structure. The relationships between the mechanism of chromosomal duplication and evolution will be facilitated by the map-based sequences of both species and other related species using the standard genome sequence.
In addition to the chromosomal segment duplication, tandem gene multiplication is frequently observed in the rice genome. A total of 47 copies of receptor-like kinase genes were observed between 0.2 Mb and 5.1 Mb from the top of the short arm of chromosome 1 (Fig. 2) . Some of these multiplied genes are disrupted by transposable elements to produce pseudogenes. The frequency of multiple-copied tandem genes in rice (14%) is slightly lower than that in Arabidopsis (17%). The total predicted gene models in rice and Arabidopsis are 37,544 and 25,498, respectively. This difference does not necessarily reflect the degree of gene multiplication even if the comparison of both predicted gene models indicates the existence of 90% of rice homologous counterparts of Arabidopsis and 71% of Arabidopsis homologues of rice. When using the same criteria of tandem repeats in both species or tandem arrangement in 5-Mb intervals, 29% of the predicted rice genes (10,837) are amplified at least once in tandem. This observation of tandem repeats of genes may provide insights into the process of evolution and the mechanism of gene duplication. In addition, analysis of the expression mode of each tandem gene could reveal the specified role of the promoter for each gene.
The rice genome contains many types of transposable elements, a major component of genome constructs that provides historical evidence of genome evolution and divergence (Vitte et al 2004) . Class I transposable elements, or retro-elements such as Ty1/copia and Ty3/gypsy and non-LTR or LINEs and SINEs, occupy a total of 19.3% of the genome. Class II transposable elements, or DNA transposons such as IS5/tourist and IS256/mutator, occupy a total of 13% of the genome. When adding other types of transposons, almost 34.8% of the rice genome corresponds to transposons and retroransposons. Although the biological role of transposons is still under argument, diversification of species may be partly attributed to transposition or insertion of transposons into a new genomic position. Therefore, a thorough analysis of rice transposons will help in understanding the origin of difference in genome structure among Oryzeae and give important insight into the history of the evolution of this genus.
Another important structural component of the genome is simple sequence repeats (SSRs). SSRs can be very useful for genetic analysis of target traits if their genomic positions are clearly identified. As a co-dominant marker, SSR polymorphism can be easily detected by PCR using flanking sequences as primers. In the elucidated Nipponbare genome sequence, a total of 18,828 class 1 SSRs, or perfect repeats with more than 20 nucleotide bases in length, were detected. Analysis of the distribution of SSRs in other rice varieties may provide additional resources for genetic mapping of many agronomic traits and identification of target genes.
Single nucleotide polymorphism (SNP) is the most abundant polymorphism in the genome. SNPs could be found in both intron and exon regions that affect the translated product or amino acid sequence and induce alteration of normal function. In some cases, this may result in a reduction in enzyme activity and partial or total loss of function. This indicates that SNPs may be important in the expression of quantitative traits that are controlled by a combination of multiple genes. In the case of QTLs involved in rice heading date, SNPs have been identified to play the key roles in the adaptation of heading date to daylength at a certain latitude. Although a genome-wide survey of SNPs among rice varieties is currently unrealistic, the identification of SNPs within the target genomic region of a QTL is necessary for efficient breeding of quantitative traits. For this purpose, the National Institute of Agrobiological Sciences (NIAS) has recently launched a program aimed at elucidating the correlation between sequence variation among representative rice varieties and trait indices in rice.
Genome-wide comparison of SNPs and insertion/deletion (In/Del) is important and indispensable to clarify the difference in genome structure between japonica and indica rice. So far, accurate map-based genome sequence information is available only for japonica variety Nipponbare. However, a Chinese indica variety, 93-11, has been sequenced by a whole-genome sequencing method that could provide an important resource for sequence comparison of genic regions. Another sequence comparison was made using the BAC-end sequence data of indica variety Kasalath, which is one of the parent cultivars of the F 2 progenies used to construct the high-density genetic map of rice. Although a BAC-end sequence in itself has no positional information, BAC contigs aligned after assembly are remarkably reliable if combined with the Nipponbare genome sequence and mapped expressed sequence tags on the genetic map. The rate of SNPs and In/Del detected between Nipponbare and Kasalath by this method is 0.71% and 1.23 sites per kilobase, respectively.
Comparison of the genome structure between Oryza sativa and one of its wild relatives, O. nivara, has been performed for chromosome 3 (The Rice Chromosome 3 Sequencing Consortium 2005). A total of 3,163 paired BAC-end sequences of O. nivara could be assigned by comparison with the genome sequence of O. sativa chromosome 3. Sequence similarities of transcribed and nontranscribed regions were 98.8% and 97.7%, respectively. The fingerprint data could be assembled into 16 contigs. This analysis showed that no major rearrangement occurred between these two Oryza species. Based on the average distances of paired BAC-end sequences of both species, the size of chromosome 3 of O. nivara was estimated as 21% smaller than that of O. sativa. Detailed supportive information must be obtained by genome sequence analysis of these contigs in the future. Comparative analysis of genome sequences at the intra-and interspecies level may elucidate variation in genome structure and function. It may also provide the basis for clarifying which genes and/or genomic regions were lost or redundantly gained by naturally occurring mutation and/or by breeding pressure during the domestication of rice. Such information will be useful for further improvement of cultivated rice.
Utility of rice genome sequence information
Accurate map-based rice genome sequence information is widely applicable to innovative new research. Several main targets that are closely linked are thought important at the moment, although this situation will definitely change, especially with the rapid progress in rice and plant genomics. With the completion of the genome sequence, the next immediate goal is to provide an accurate annotation of all predicted genes in the genome and a comprehensive database based on annotation. The Nipponbare genome sequence is greatly facilitated by the availability of more than 30,000 full-length cDNA nucleotide sequences derived from a similar cultivar (Kikuchi et al 2003) . Mapping of these sequences to the genome sequence is the best and most reliable way of attaching biological meaning to the sequence and identifying the genomic position of each transcript and correspondence of predicted and actual genes. These mapping data should be used for identifying a responsible candidate gene to a target trait, mining a plausible promoter region of each gene, or looking for statistical data on the sequence characteristics of the starting point of transcript and exon/intron junction. Toward this goal, the Rice Annotation Project (RAP) began immediately upon completion of the rice genome sequence to facilitate annotation of the function of predicted genes matched with full-length or partial cDNAs. This initiative will continue in the next two or three years to allow periodic revision of annotation and to incorporate novel findings that may result from extensive analysis of gene functions.
As for gene identification corresponding to a phenotype, both forward and reverse genetics methods are undoubtedly receiving great benefit by using the completed rice genome sequence information. Concomitant with the progress of map-based genome sequencing, the recent increase in cases of gene identification is remarkable. For example, genes involved in rice plant height such as sd1, ebisu dwarf (d2), and gid2 have been identified. In addition to these mutants discretely caused by one gene variation, genes involved in QTLs have been identified such as in heading date (Hd1, Hd3a, and Hd6) and grain number (Gn1a). The identification of these genes is very much facilitated by using the genome sequence information from the beginning of the preparation of chromosomal segmental lines by repeated backcross to the final identification of a candidate gene by map-based cloning (Ashikari et al 2005) . The genomic information of such identified genes has been promptly transferred to a trial of homologous gene identification in other cereal crops. The most frequently used rice genes are Hd1, Hd3a, and Hd6 because heading date is the most crucial trait for agriculture to obtain enough yield by an appropriate timing of ripening under a changing daylength and temperature. The information from these rice genes has been used to identify corresponding genes in barley, wheat, ryegrass, and meadow fescue. This challenge is based on the presence of synteny among cereals. A straightforward approach of functional comparison of rice genes involved in rice heading date with those found in other cereals is not necessarily fruitful because of the difference in response to daylength and temperature during their growth. Searching the rice homologs and mapping to other cereal species could provide useful information for further analysis of the genes involved in heading date in major cereal crops. The opportunities for such comparative analysis would increase further as more genes are isolated in rice plants.
Another important and practical issue is how to use sequence information in breeding, that is, selection and transfer of favorable genes through genomics or by genetic engineering. The key for advanced molecular breeding includes finding a favorable gene, its introgression into an existing elite variety within a short period, and confirmation of the transfer and genomic position of the new gene. The target genes or phenotypes to be chosen for further breeding must be those regarding productivity and biotic/abiotic stress tolerance. Trials to find out and isolate these genes have been tackled for a long time by many researchers worldwide. However, these are complex traits controlled by many genes and so far they could not be identified with confidence. Currently, precise genetic analyses of these complex traits are under way relying on sequence polymorphism described above. Of course, selection of favorable genes and their accurate and reproducible evaluation determining phenotype are a prerequisite. Currently available varieties of cultivated rice might not contain the targeted favorable gene resources. In such a case, the survey of favorable genes will be extended to the wild relatives of O. sativa. For this purpose, introgression and embryo rescue should be applied and favorable genes could be detected by referring the genome sequence of O. sativa using a sequence of the genic region (Brar and Khush 1997) . This idea comes from the general observation that the genic region is well conserved among a wide range of plant species. However, it is important to choose the appropriate sequence as probes, including PCR primer sets.
To increase the opportunity to obtain polymorphic markers for the selection of favorable traits, SNPs linked to a targeted phenotype must be collected. For this purpose, germplasm collection should be important for obtaining polymorphisms linked to the target phenotype by linkage disequilibrium (LD) analysis. This analysis is greatly facilitated by the standard genome sequence, which allows the association and validation of the occurrence of sequence polymorphism with relevant phenotypes. In general, the frequency of LD is expected to be high in cultivated species because of bias induced by artificial selection. However, extensive LD analysis has just started and we could expect valuable results available within the next couple of years (Semon et al 2005) .
To propagate rice genome sequence information for genetic analysis not only to cereal crops but to a wide range of cultivated species that are too large in terms of genome size or too difficult for genome-wide sequencing, it is necessary to establish DNA markers promptly at a reasonable cost. It is known that, even in a distantly related plant species, amino acid sequences of gene products are well conserved. Considering the characteristics of codon usage in monocot/dicot plants and the position of exon/intron junction identified by rice genome annotation, nucleotide polymorphisms focusing on the intron region might be obtained among varieties of target species. This idea requires many trials to obtain successful results and still be critically evaluated.
Conclusions
An accurate map-based rice genome sequence is now in the public domain. This information must improve breeding strategies from now on. Since the beginning of agriculture and rice cultivation, favorable agronomic traits have been selected based on phenotypes. And, it is quite surprising that more than 100,000 varieties of rice are now grown worldwide as a result of crossing and selection by farmers and breeders in the last 10,000 years. However, in the next 30-50 years, rice-growing regions will face three main challenges: to increase production as the world population is expected to increase 1.5-fold; to use less land, water, and labor and fewer chemicals; and to satisfy increasing demand from consumers in terms of rice quality. We could not expect to overcome these challenges by mere luck based on conventional breeding methods. Therefore, sufficient knowledge of the complete genetic code of rice is indispensable from now on to help breeders develop strains with specific characteristics such as stress tolerance, disease resistance, and nutrient-enriched or high yield much quicker than through traditional methods. For this purpose, sequence information linked to complete physical and genetic maps of the genome is required to exploit the full potential of the sequences. Now more than ever, it is necessary to address the increasingly complex challenges confronting rice research and rice production. As rice researchers, we should direct our efforts and seize the opportunity for enhancing efficient and sustainable rice development to secure sufficient food for all humans.
